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Cauliflower mosaic virus (CaMV) forms two types of inclusion bodies within infected plant cells: numerous virus factories,
which are the sites for viral replication and virion assembly, and a single transmission body (TB), which is specialized for
virus transmission by aphid vectors. The TB reacts within seconds to aphid feeding on the host plant by total disruption
and redistribution of its principal component, the viral transmission helper protein P2, onto microtubules throughout the
cell. At the same time, virions also associate with microtubules. This redistribution of P2 and virions facilitates transmis-
sion and is reversible; the TB reforms within minutes after vector departure. Although some virions are present in the TB
before disruption, their subsequent massive accumulation on the microtubule network suggests that they also are released
from virus factories. Using drug treatments, mutant viruses, and exogenous supply of viral components to infected proto-
plasts, we show that virions can rapidly exit virus factories and, once in the cytoplasm, accumulate together with the helper
protein P2 on the microtubule network. Moreover, we show that during reversion of this phenomenon, virions from the
microtubule network can either be incorporated into the reverted TB or return to the virus factories. Our results suggest
that CaMV factories are dynamic structures that participate in vector transmission by controlled release and uptake of vi-
rions during TB reaction.

During virus replication, assembly, and accumulation within
the host cell, the viral products are most often confined

within intracellular aggregates called “virus factories,” “viro-
plasms,” or “virus inclusions” (1). There is a large variety of viral
inclusions, which differ by their localization, size, composition,
and function. In most cases, viruses use these inclusions to con-
centrate cellular and viral proteins and thereby increase the effi-
ciency of replication and assembly (2–4). These structures may
also protect viral complexes from the cellular degradation ma-
chinery (2). Only in rare instances have other specific functions
been attributed to inclusion bodies. For example, the inclusions
formed during baculovirus infection, the polyhedra, are involved
in virus transmission by protecting virions in the outside world
until a new caterpillar host ingests them (5).

Cauliflower mosaic virus (CaMV), one of the top 10 viruses in
plant pathology (6), forms numerous electron-dense inclusion
bodies in the host cell cytoplasm that function early in infection as
virus factories (VFs) (7, 8). CaMV VFs are nonmembranous
structures that contain the multifunctional viral protein P6 as ma-
trix, many virions, and the viral P3 protein, with the latter proba-
bly being associated with virions (8–10). Previous data suggest
that P6 self-associates, which permits VF formation (11–13). The
number and size (2 to 10 �m in diameter) of these inclusions
depend on the stage of the viral cycle, CaMV isolate, and host plant
(14). VFs play an important role early in the infection cycle as the
site of viral protein synthesis, replication, and assembly, as well as
for storage of newly formed virions (8, 15). However, later in
infection when viral replication has ceased, VFs are assumed to be
mere storage facilities for excess virions with no specific function.

A second type of CaMV inclusion is the transmission body
(TB), named so because it is required for CaMV transmission by
aphid vectors. The TB contains the totality of the viral protein P2,
which is the aphid transmission factor or helper component

(16–18). Besides P2, TBs also contain P3 and some scattered viri-
ons (19). CaMV aphid transmission is driven by a transmissible
complex that forms either in the infected cells or in the vector.
This complex is composed of the icosahedral virion (containing
the viral genome enclosed in a shell of capsid protein P4), virus-
associated protein P3, and helper protein P2 that mediates bind-
ing of P3 virions to the aphid vector (10, 20, 21) (Fig. 1). More
precisely, the transmissible complex attaches to a dedicated struc-
ture in the aphid stylet tip, the acrostyle (22, 23). After acquisition
from infected cells during vector feeding and attachment to the
acrostyle, CaMV is transported to a new host plant and released by
unknown mechanisms during probing punctures of aphids in epi-
dermis and mesophyll cells (24).

It has long been suggested that TBs are involved in aphid trans-
mission because they contain the totality of the protein P2 (16, 19,
25). Beyond their protein content, the TB was shown to be a spe-
cific structure enabling aphid transmission (26), adding this in-
clusion to the small list of viral inclusions that function in pro-
cesses other than viral replication and assembly. However, the TB
mode of action in relation to transmission has remained elusive.
We showed previously that TB formation during the infection
cycle requires an intact microtubule cytoskeleton (27), and that
TBs are dynamic structures that respond rapidly to the presence
and feeding of the aphid vector to facilitate virus acquisition (28).
This study showed that TBs exist in a standby state, characterized
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by a spherical shape. However, when an aphid punctures infected
tissues, the TBs in plant cells adjacent to the stylet path react in-
stantly and undergo a spectacular transformation: tubulin sud-
denly enters into the TBs, and P2 relocalizes within seconds onto
microtubules throughout the cell. At the same time and with the
same kinetics, virions associate with the P2-decorated microtu-
bules to form so-called mixed networks. The homogeneous redis-
tribution of P2 and virions on the microtubules increases the ef-
ficiency of viral transmission, probably by increasing chances of
stylet contact with transmissible complexes during aphid probing
into cells. TB transformation is completely reversible: soon after
removal of the stress inducing the formation of the mixed net-
work, both P2 and virions are released from the microtubules and
a standby TB reforms that is ready for another round of transmis-
sion.

A remaining question is the origin of virions that are recruited
onto the mixed networks. While the source of microtubule-asso-
ciated P2 is clearly the TB (it is the only P2 storage site within
infected cells), the origin of virions aligning on the mixed net-
works is much less clear. Virions could originate from TBs or the
cytosol, both of which contain some virions. Alternatively, they
could stem from the numerous VFs scattered throughout the cy-
toplasm that contain the vast majority of virions (16, 19). As in-
dicated above, thus far mature VFs have been regarded as a mere
dead end for virions with no dedicated function, but if virions
were recruited from VFs to mixed networks, they would turn out
to be structures playing a significant role in vector transmission.

In this study, we show that there is a dynamic exchange of
virions between VFs and TBs during TB transformation into
mixed networks and its subsequent reversion. Thus, CaMV vector
transmission not only is dependent on TB dynamics but also re-
quires virion release from VFs. This relates another hitherto un-
suspected CaMV inclusion to vector transmission and suggests an
extensive reshuffling of the viral intracellular structures upon con-
tact between infected plant cells and aphid stylets.

MATERIALS AND METHODS
Plants, viruses, plasmids, and inoculation. Two-week-old turnip plants
(Brassica rapa cv. Just Right) were mechanically inoculated with wild-type

CaMV strain Cabb B-JI (29), Cabb B-JI-�P2, or Cabb B-JI-P2Myc as
described previously (27), and they were used for experiments at 14 days
postinfection (dpi). Initial inoculation was with plasmid pCa24, encoding
Cabb B-JI (29), pCa24-�2, encoding Cabb B-JI-�2 (27), or pCa24-
P2Myc, encoding Cabb B-JI P2Myc (this publication). Subsequent inoc-
ulation was made with crude extracts prepared from infected plants (20).
The stability of the mutants was verified by sequencing PCR-amplified
CaMV DNA using infected plant extracts as the matrix. To obtain the
P2Myc mutant, the myc tag (GAGCAGAAACTCATCTCAGAAGAGGA
TCTG) was introduced at position 1650 of the CaMV genome by site-
directed mutagenesis of plasmid pCa24, using the QuikChange kit ac-
cording to the manufacturer’s instructions (Agilent Technologies). To
obtain a P2 expression plasmid, the P2 sequence of CaMV Cabb S (30) was
amplified by PCR and ligated using NcoI and BamHI sites between the
modified 35S promoter (consisting of a duplicated 35S enhancer plus an
additional tobacco etch virus [TEV] enhancer sequence) and the CaMV
terminator sequences of plasmid pCK-GFP (31), replacing the green flu-
orescent protein (GFP) sequence with P2.

Aphids. A nonviruliferous clonal Myzus persicae colony was reared
under controlled conditions (22°C day/18°C night with a photoperiod of
14-h day/10-h night) on eggplant. The population was originally started
from a single virginiparous female.

Isolation of protoplasts. Protoplasts for all experiments except trans-
fection were prepared by enzymatic digestion from healthy or infected (14
dpi) leaves of turnip plants as described previously (28). For experiments
involving transfection, the protoplasts were prepared from infected (14
dpi) leaves of turnip plants as described previously (32). Leaves were cut
into thin lamella and incubated in the enzymatic solution (1.5% cellulase
Onozuka R10, 0.4% macerozyme R10, 0.4 M mannitol, 20 mM KCl, 20
mM morpholineethanesulfonic acid [MES], pH 5.7, 10 mM CaCl2, 0.1%
bovine serum albumin [BSA]) during 3.5 h at 28°C in the dark. Proto-
plasts were separated from undigested tissue by filtration through Mira-
cloth (Merck Millipore), and washed 3 times with ice-cold W5 solution
(154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES, pH 5.7) by
centrifugation at 72 � g for 5 min in a swing-out rotor. After 2 washes,
protoplasts were placed for 30 min on ice before centrifugation. The final
pellet was resuspended in MMg solution (0.4 M mannitol, 15 mM MgCl2,
4 mM MES, pH 5.7) at a concentration of 0.8 � 106 to 1.5 � 106 cells/ml.
Protoplasts were counted using a Malassez counting chamber (Preciss;
Strasbourg, France). For each transfection, 100 �l of protoplasts was gen-
tly mixed with 20 �g of plasmid and 110 �l of polyethylene glycol (PEG)
solution (40% PEG 3000, 0.2 M mannitol, 100 mM CaCl2) and incubated
for 10 min at room temperature. After addition of 440 �l W5 solution,
protoplasts were centrifuged at 72 � g for 2 min in a swing-out rotor. The
pellet was resuspended in 100 �l of W5 solution. Protoplasts were cul-
tured in 900 �l Gamborg solution in a 24-well cell culture plate at 20°C in
the dark.

Labeling of virions with DAPI. Forty �g of virions, purified as de-
scribed previously (33), was incubated with 50 ng/ml 4=,6-diamidino-2-
phenylindole (DAPI) in 500 �l of H2O for 1 h at room temperature. The
solution then was diluted in 10 ml of H2O and centrifuged at 40,000 rpm
(rotor Ti70; Beckman Coulter) for 4 h at 4°C. The pellet was resuspended
in 1 ml of 10 mM HEPES, pH 7.2. Twenty �l of DAPI-treated virions
(approximately 2 �g) was used per transfection.

Drug and stress treatments. To induce mixed networks, protoplasts
contained in Eppendorf reaction tubes were exposed for 15 min to gas-
eous CO2 as described previously (28). For TB reversion, the CO2 atmo-
sphere in the reaction tubes was replaced with fresh air by opening them
for 15 min. Azide treatment of protoplasts was with 0.02% NaN3 during
40 min (28).

Electron microscopy. Samples for electron microscopy were pro-
cessed as described previously (28). Infected agarose-embedded proto-
plasts were fixed with 4% glutaraldehyde, postfixed with 2% OsO4, and
embedded in Epon resin. After ultrathin sectioning, the grids bearing

FIG 1 CaMV transmissible complex. (A) The schematic drawing of an aphid
shows the rostrum (orange) that harbors the needle-like stylet bundle when it
is retracted and in resting position. During probing, the stylets glide through
the rostrum and penetrate into the plant tissue. (B) The CaMV transmissible
complex is composed of the viral helper protein P2 (red) that links the virus
particle (P4; capsid protein in green) via the virion-associated protein P3
(blue) to a receptor (orange) at the tip of the aphid’s maxillary stylets (mx).
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sections were observed in a Jeol JEM 100CX II electron microscope (Jeol)
operated at 60 to 80 kV.

Antisera and immunofluorescence. We used the antibodies and im-
munofluorescence technique described previously (28). For anti-P2 and
anti-P4 coimmunolabeling, the anti-P2 antibody was directly conjugated
with Alexa 488 fluorescent dye using a commercial kit (Life Technologies)
after purification of IgG fractions from the crude antiserum by Pierce
thiophilic adsorbant chromatography (Thermo Scientific).

Microscopy. Slides were observed with a Zeiss LSM700 confocal mi-
croscope operated in sequential mode. Alexa Fluor 594 dye was excited
with a 555-nm LED laser, and the mirror was set to record emission from
555 to 620 nm. The Alexa Fluor 488 fluorophore was excited with a
488-nm LED laser, and emission was collected from 490 to 530 nm. For
collecting fluorescence of DAPI-colored nuclei, a 405-nm LED laser was
used, and emission was captured from 405 to 530 nm. Images were cap-
tured at 0.3- to 0.5-�m intervals using a 63� oil immersion objective. Raw
images were processed using LSM software.

Transmission tests. Transmission tests were performed from proto-
plasts as described previously (34). Aphids were allowed to acquire virus
from protoplast suspensions for 15 min (30 min for transfected proto-
plasts), then they were placed on 1-week-old turnip test plants (10 aphids
per plant) for inoculation. Twenty to 24 plants were inoculated per repli-
cate. Symptoms were scored 3 weeks later by visual infection. To preload
aphids with recombinant P2, insects were allowed to feed for 10 min
across stretched Parafilm membranes on crude extracts from Sf9 cells
infected with a P2-expressing baculovirus as previously described (19).

Statistics. The transmission tests using azide-treated cells (see Fig. 4H)
were statistically evaluated. As the distribution was not normal, the non-
parametric Mann-Whitney test was used. The VassarStats website (http:
//vassarstats.net/) was used to calculate P values.

RESULTS
Viral factories are connected to the microtubule network upon
TB transformation. During TB transformation, induced natu-
rally by aphid feeding or artificially by exposing cells to CO2 or to
the chemical sodium azide, P2, and probably the virions con-
tained within TBs, relocalize on microtubules and form mixed
networks (28). Figure 2A illustrates that virions are localized
mostly in numerous inclusions (likely VFs) in unstressed plant
cells, whereas they also localize into mixed networks upon tissue
exposure to CO2 (Fig. 2B). Transmission electron microscopy
(Fig. 2C) shows that typical spherical virions are associated with
microtubules that were identified by their appearance (rod-like
structures of approximately 25-nm diameter displaying electron-
dense rims). This confirms that the P4 label on the networks de-
tected by immunofluorescence corresponds to virions and not to
P4 aggregates. Thus, mixed networks are heavily charged with
virions, as previously reported (28).Virions attached to the mixed
networks are unlikely to originate exclusively from TBs, because
these structures contain only about 5% of virions in a cell (19).
Thus, we wanted to know whether the other 95% of virions con-
tained within VFs represent virus sources that are alternative or
complementary to mixed networks. For this, we used a protoplast
system where TB dynamics are similar to those in intact tissue but
are easier to manipulate (28, 34). As in infected tissue, mixed
networks were induced in infected protoplasts by CO2 treatment.
Figure 2D shows that CO2-stressed protoplasts displayed P4 foci,
probably corresponding to VFs (see below), as well as P4 label on
mixed networks, as previously reported (28). Close inspection in-
dicated that the P4 label extended from VFs to mixed networks,
suggesting a link between VFs and mixed networks. Indeed, opti-
cal single sectioning of the same protoplast showed continuation
of the virus label from inclusions to microtubules with which the

mixed networks are associated (Fig. 2D, insets). Approximately
90% of all cells (45 cells analyzed in 4 experiments with similar
results) displayed these connections. In contrast, only about 10%
(38 cells observed in 4 repetitions) of unstressed control proto-
plasts contained microtubules connected to VFs (Fig. 2E and in-
sets). It is interesting that virions in CO2-stressed cells were always
detected in VFs and on mixed networks but never on mixed net-

FIG 2 Stress induces virion networks that extend from VFs. (A and B) Images
show confocal projections of immunofluorescent coat protein (P4, red) and
�-tubulin (TUB) (green) in unstressed leaf tissue (A) and in tissue exposed to
CO2 stress that provokes TB disruption and mixed-network formation (B).
While in unstressed cells P4 is located mainly in numerous inclusions, most of
which probably correspond to VFs, P4 colocalizes with the microtubule net-
work upon CO2 treatment (the merge of the two colors appears as yellow/
orange in panel B). Scale bar, 5 �m for panels A and B. (C) Transmission
electron microscopy of CO2-stressed infected leaves shows that virions (ar-
rows) decorate microtubules (dashed arrows). Scale bar, 100 nm. (D and E)
Images show confocal projections of CO2-stressed (D) and unstressed (E)
infected protoplasts. Immunolabeling against P4 (red) and �-tubulin (green)
in panel D reveals connections between virion networks (the mixed network)
and VFs. The connections are visible in the insets in panel D that show a single
optical section of the zone delineated in the projection. Such connections
between VFs and the microtubule network were not observed in the projection
of an unstressed cell (E) and in a single optical section of the boxed zone in
panel E and shown in the insets. Nuclei were counterstained with DAPI (blue).
Scale bar, 5 �m for panels D and E.

CaMV Virus Factories as Transmission Devices

November 2013 Volume 87 Number 22 jvi.asm.org 12209

http://vassarstats.net/
http://vassarstats.net/
http://jvi.asm.org


works alone. This suggests that if VFs can release virions, this
phenomenon is only partial and VFs are not totally disrupted or
emptied (Fig. 2D), a scenario complicating dissection of this phe-
nomenon. To overcome this restriction in analysis of viral dynam-
ics, we tried to obtain several independent and converging lines of
evidence supporting the hypothesis that VFs contribute virions to
the mixed networks.

Ectopically induced TBs take up virions. In contrast to TBs,
which are dynamic structures throughout infection, mature VFs
are believed to exchange none or little of their contents with the
cytoplasm (35, 36). We wanted to know whether this is true or
whether mature VFs can release significant amounts of virions, at
least transiently. To test this, we used protoplasts infected with a
CaMV P2 deletion mutant (denoted CaMV-�P2 in reference 27).
These cells display wild-type-like VFs containing virions but no
TBs (Fig. 3A). We transfected CaMV-�P2-infected protoplasts
with a plasmid for ectopic expression of P2 to see whether a TB can
form in a cell where the infection cycle of CaMV is completed and,
most importantly, whether such de novo TBs would incorporate
virions. If they did contain virions, they could only originate from
the cytoplasm or from VFs. Sixteen hours after transfection with
the P2 expression plasmid, virtually all transfected cells (200 cells
counted, �20 repetitions) displayed inclusions with a typical TB
phenotype, as judged by immunofluorescence (Fig. 3B). On one
preparation, the TB phenotype was analyzed by electron micros-
copy, which revealed an electron-lucent inclusion with some dis-
persed virus particles that were virtually indiscernible from TBs in
infected tissues (Fig. 3C). Moreover, the TB formed from ectopi-
cally expressed P2 had the same properties as wild-type TBs: it
supported CaMV transmission by aphids from protoplast suspen-
sions (Fig. 3D), and in about 70% of transfected cells (49 cells
observed, 7 independent experiments), CO2 stress induced TB
disruption and relocalization of P2 and virions on microtubules,
i.e., formation of mixed networks (Fig. 3E).

Kinetics of ectopic TB formation showed that P2 label was not
detected at any time point in VFs, indicating that P2 was translated
free in the cytoplasm and assembled independently of VFs into
TBs (not shown). This ruled out that virions were dragged along
with P2 from VFs to TBs, as has been suggested to occur during
initial TB formation early in the infection cycle (27). Thus, virions
in this artificial TB could only have originated from mature VFs or
from the cytoplasm.

Viral factories dispatch virions that support aphid transmis-
sion. Our previous results showed that azide induces mixed net-
works where virions colocalize with P2 on microtubules (28).
What might happen with virions if cells infected with CaMV-�P2
(i.e., containing no TBs and no P2) were incubated with azide? We
performed this experiment. Figure 4A shows that azide-treated,
wild-type-infected cells displayed P4 capsid protein labeling on
microtubules, as reported previously (28). In CaMV-�P2-in-
fected cells incubated with azide, however, no P4 label was de-
tected on microtubules in 4 independent repetitions of the exper-
iment, where about 100 cells were observed. This signified that
either P2 is necessary for virion release from VFs, that VFs do not
release virions, or that in the absence of P2, dispatched virions
cannot associate with microtubules and accumulate somewhere
else in cells. Because the immunofluorescence experiments did
not resolve this question, we used electron microscopy with its
greater optical resolution to visualize virions in protoplasts in-
fected with CaMV-�P2 and treated with azide. These cells dis-

played virion aggregates or virion arrays entirely detached from,
but in proximity to, VFs (Fig. 4C and D). We also often observed
virions that seemed to be budding from the VFs’ surfaces (Fig. 4E).
In contrast, virion arrays could not be detected in the cytoplasm in
unstressed cells infected by CaMV-�P2 (Fig. 4F), and virions bud-
ding from VFs were very rarely found (Fig. 4G).

We then assessed whether the VF-released virions can be effi-
ciently acquired and transmitted by aphid vectors. Aphids were
preloaded with recombinant P2 by membrane feeding as de-
scribed previously (20). They were then allowed to feed on proto-
plasts infected by CaMV-�P2 before being transferred to healthy
test plants for inoculation. Transmission after acquisition from
azide-treated CaMV-�P2-infected protoplasts was significantly
higher (P � 0.0014) (Fig. 4H). These results clearly show that
transmission efficiency increased in the azide-treated cells. The
only observable difference between these and control cells was the
presence in the cytoplasm of free virions that seemingly stemmed
from the VFs; thus, we conclude that these released virions are
more accessible to the aphid vector than those enclosed in VFs.

Virions on microtubules originate from viral factories. The
results presented above show that VFs can release virions after
stress treatment. However, it remained to be shown directly that
these virions could associate with P2 on mixed networks in in-
fected cells. For this, we used a CaMV mutant, CaMV-P2Myc,
which contains a Myc tag sequence inserted at amino acid position
100 of P2. CaMV-P2Myc is infectious and forms normal-looking
virion-containing VFs (Fig. 5A). Some VFs had a hardly visible P6
label, covered by the P4 label (Fig. 5A, arrowheads), but close
inspection revealed that these inclusions contained some P6 none-
theless (Fig. 5A, insets). Interestingly, however, P2Myc did not
assemble into a TB, and immunofluorescence microscopy re-
vealed that it is distributed homogeneously in the cytoplasm (Fig.
5B). Despite the absence of TBs from CaMV-P2Myc-infected
cells, CO2 induced relocalization of P2Myc onto microtubules
(Fig. 5C), showing that its stress-induced redistribution is not
inhibited.

The absence of TBs from cells infected with this mutant logi-
cally precluded any virions originating from TBs. This opened a
nice opportunity to investigate, using induction of P2Myc net-
works by CO2, whether virions of another origin, namely, the VFs,
can redistribute to mixed networks. Figure 5D and E demon-
strates that CaMV-P2Myc-infected cells treated with CO2 accu-
mulated a large quantity of virions on the mixed networks (75% of
all cells contained mixed networks; 111 cells counted in 3 inde-
pendent repetitions), suggesting that they were released from VFs
and relocated on P2Myc-decorated microtubules.

Virions return to VFs after CO2 treatment. An interesting
property of the TB is that its transformation into a mixed network
is reversible, and a new TB reforms after aphids withdraw their
stylets or removal of CO2 or azide (28). As shown above, virions
can be released from the VFs and accumulate on mixed networks.
The next coherent question is whether virions can return to VFs
upon reversion, when the mixed networks disappear. To investi-
gate this possibility, we induced mixed networks in wild-type-
infected CaMV protoplasts by CO2 treatment, allowed reversion
and reformation of new TBs after removal of the gas, and localized
virions by immunofluorescence microscopy during reversion.
About 10% of unstressed control cells (Fig. 6A) contained some
aggregation of virions against VFs. Other inclusions were either
VFs displaying a perfect colocalization between virions and P6 or
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were TBs identified by the lack of P6 label. Cells fixed and exam-
ined during CO2 treatment, i.e., before reversion, displayed virus-
containing VFs and virus-decorated mixed networks but rarely
displayed virus aggregates next to VFs (Fig. 2D) (28). Reverting

cells (Fig. 6B) displayed mostly normal VFs and reassembling TBs.
However, 80% of the reverting cells displayed at least one VF with
adjoining virion aggregates (3 independent experiments with a
total of 300 cells analyzed for the 2 conditions). Thus, the accu-

FIG 3 Ectopically expressed P2 forms a TB that recruits virions. (A) Confocal projection showing a protoplast infected with CaMV mutant CaMV-�P2 and
immunolabeled against P4 (red) and VF matrix protein P6 (green). Virions and VFs colocalize (arrows). (B) CaMV-�P2-infected protoplasts were transfected
with a P2 expression plasmid. In this case, immunolabeling against P4 (red) and the TB marker P2 (green) reveals P4 label in numerous VFs (arrows) and also
in a rounded TB (dashed arrow). Scale bar, 5 �m for panels A and B. (C) Electron microscopy of a CaMV-�P2-infected protoplast transfected with a P2
expression plasmid shows a classical TB phenotype, where a few scattered CaMV virions (arrows) are distributed in an electron-lucent matrix. Scale bar, 100 nm.
(D) De novo-formed TBs support aphid transmission. Aphids were allowed to feed for 30 min on CaMV-�P2-infected protoplasts transfected with P2 expression
plasmid (��P2) or on mock-transfected protoplasts infected with wild-type CaMV (BJI�PEG). They were then transferred to healthy turnip plants for
inoculation, and infected plants were scored 3 weeks later for symptoms by visual inspection. Shown are results from 2 independent experiments using 24 test
plants per condition. SD, standard deviations. (E) Confocal projection of a CO2-stressed, P2-transfected, CaMV-�P2-infected protoplast labeled for P2 (red) and
�-tubulin (green). P2 and tubulin labels colocalize in mixed networks, with colabeling appearing as yellow/orange. Scale bar, 5 �m. Nuclei were counterstained
with DAPI (blue) in panels A, B, and D.
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FIG 4 Azide stress induces virus release from VFs. (A and B) Wild-type-infected (A) or CaMV-�P2-infected (B) cells were incubated for 40 min with 0.02% azide
and then processed for immunofluorescence against P4 (red) and �-tubulin (green), and nuclei were counterstained with DAPI (blue). The images show that P4
relocalizes partially with microtubules after azide treatment in wild-type-infected cells but not in cells infected with the P2 deletion mutant. The main pictures
show confocal projections, and the insets show single sections of the zones delineated in white. Scale bar, 5 �m for panels A and B. (C to G) Cells infected with
CaMV-�P2 were either treated (C to E) for 40 min with 0.02% azide or were left untreated (F and G), and then they were processed for transmission electron
microscopy. (C and D) Azide treatment induced appearance of paracrystalline virion arrays (arrows) close to VFs. (E) Azide-treated cells also displayed VFs with
virions (arrows) decorating the VF-cytosol interface. (F) Control cells most often contained VFs with smooth virion-free borders; paracrystalline virion arrays
were not observed. (G) Some VFs in unstressed cells had virions (arrows) seemingly budding at their surface. Note that VFs in both treated and untreated cells
can also contain electron-transparent cavities filled with virions that have been reported before (35). Scale bar, 100 nm for panels C to G. (H) Azide-treated cells
infected with CaMV-�P2 perform better in aphid transmission experiments than untreated controls. Aphids were preloaded by membrane feeding with
recombinant P2 to compensate for the lack of P2 in CaMV-�P2-infected cells. They were then allowed to acquire virions from control (mock) or azide-treated
(azide) infected cells before the aphids were transferred to healthy test plants for inoculation. Infected plants were scored 3 weeks later by visual inspection of
CaMV symptoms. The asterisk indicates a significant effect of the treatment on transmission (P � 0.0014 by two-sided Mann-Whitney test; n � 18 from 3
independent experiments with 20 plants per replicate). SD, standard deviations.
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mulation of virions next to VFs seems to occur during the rever-
sion process and might represent a congestion phenomenon, i.e.,
the uptake capacity of VFs for virions is temporally saturated. To
provide direct evidence for the incorporation of virions from the
cytoplasm into VFs, we labeled purified virions with the fluores-
cent nucleic acid staining dye DAPI. The fluorescent virions were
then transfected into infected protoplasts, and the protoplasts
were immunolabeled for the P6 protein to visualize VFs. Figure 6C
shows VFs that are fluorescent due to the presence of DAPI-
stained virions in them. This phenotype was observed in virtually
all infected cells (100 cells analyzed in 3 independent repetitions),
demonstrating that free exogenously supplied virions can migrate
to VFs and be incorporated into them.

DISCUSSION

Taken together, our results confirm a dynamic exchange of virions
between VFs, cytosol, TBs, and mixed networks both during ini-
tial TB transformation and during subsequent reversion. There-
fore, both TBs and VFs are involved in vector transmission of
CaMV: VFs provide virions for and retrieve them from the mixed
networks at the right time, i.e., when TBs react to artificial stresses
and, most likely, to aphid feeding on the host plant.

The presence of virions, although in widely varying amounts,
in several compartments simultaneously (i.e., VFs, TBs, and the
cytoplasm) made it difficult to determine the exact origin of the
virions that were recruited onto microtubules. While it is very
likely that all three sources provide virions for the mixed net-
works, our results suggest that VFs contribute the most. Indeed,
after stress application, TB-less CaMV-P2Myc-infected cells dis-
played virion-decorated microtubules indiscernible from those in
stressed wild-type-infected cells (compare Fig. 2C to 5E). This
suggests that TBs allocate no or only a few virions for mixed net-
works. Theoretically, virions on P2Myc-decorated microtubules
could have derived from preformed cytosolic P2Myc-virion com-
plexes, but we think this is unlikely, because in these cells no
above-background cytoplasmic P4 label, indicative of such com-
plexes, was detected (Fig. 5A).

Because in wild-type CaMV-infected cells no above-back-
ground virion signal was detected in the cytosol, we believe that
this compartment does not constitute a major pool of virions.
Consistent with this, electron microscopy observations of un-
stressed cells did not reveal significant amounts of cytosolic virus
particles (Fig. 4F and G and Fig. 5E), as also reported earlier by
others (35, 36). This suggests that virions do not diffuse freely in
the cytoplasm in the absence of stress. However, while the cytosol
is unlikely to be a virus stocking site, it might be used as the me-
dium through which virions traffic from VFs to microtubules. The
following observation provides evidence for this hypothesis: the
TB-less CaMV-�P2 mutant released virions that were found as
aggregates or paracrystalline arrays in the vicinity of VFs, a phe-
nomenon never observed in cells infected with wild-type CaMV. A
possible explanation is that in wild-type-infected cells, virions dis-
patched from VFs associate faster with P2-decorated microtu-
bules to form mixed networks than they can accumulate in the
cytoplasm. As CaMV-�P2 mutants cannot form mixed networks
to absorb the virions, they accumulate by default in the cytoplasm.
Interestingly, virion aggregates or arrays in the cytosol of infected
cells have previously been reported for a CaMV mutant with a
partially deleted P2 (37). In that work, the mutant phenotype was
attributed to an increased instability of mutant virus VFs caused
by deficient interaction between VFs (or its matrix protein, P6)
and P2. Because we now know that P2 is absent from VFs, we offer
another explanation: unintended stress during manipulations in-
duced release of virions from VFs in this P2-defective mutant,
which is visible as virion aggregates or arrays in the vicinity of VFs,
just like we observed here with stressed CaMV-�P2-infected cells.

Some questions concerning the role and functioning of CaMV
VFs in transmission remain. Do virions liberated from VFs attach
directly to mixed networks as the observed connections between
them and VFs suggest (Fig. 2D), do they cross the cytosol as the
presence of virions close to VFs during TB recovery indicates (Fig.
6B), or both? At present, there is no clear answer for this question.
A more intriguing issue is how the release and retrieval of virions

FIG 5 CaMV-P2Myc mutant recruits virions from VFs. (A to D) Confocal
projections of protoplasts infected with the CaMV-P2Myc mutant. (A) In
unstressed cells, fluorescent label of P4 (red) and P6 (green) shows virions
enclosed in VFs (arrows). The insets show single-channel presentations of the
two VFs denoted by the arrowheads, where the P4 label covered the P6 signal.
(B) The P2 label (red, arrow) and the �-tubulin label (green) reveal the pres-
ence of cytoplasmic P2Myc only, TBs are not present, and microtubule-asso-
ciated P2Myc is barely detected. (C) Under conditions of CO2 stress, P2Myc
(red) and �-tubulin (green) colocalize in mixed networks (arrow). (D) Under
the same conditions, P4 (red) and P6 (green) colocalize in numerous VFs
(dashed arrows), and P4 is also present as a series of networks (arrow). Nuclei
were counterstained with DAPI (blue). Scale bar, 5 �m for all. (E) Transmis-
sion electron microscopy of CO2-stressed CaMV-P2Myc-infected protoplasts
shows typical spherical CaMV virus particles (arrows) that decorate microtu-
bules (dashed arrow). Scale bar, 100 nm.
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is controlled so that VFs dispatch virions at the precise moment of
TB dissociation and mixed network formation. The most likely
hypothesis is that aphid feeding triggers a signal that is transduced
simultaneously and independently to both TBs and VFs. This view
is supported by the fact that VFs in cells infected by CaMV-�P2
liberate virions in the total absence of TBs. The nature of this
signal remains unknown, but its characterization would be highly
valuable for a better understanding of plant-aphid-virus interac-
tions.

Virus particles have three principal functions during the
CaMV life cycle: infection of the nucleus to ensure transcription,
cell-to-cell and systemic movement to allow for intrahost spread,
and vector transmission to ensure interhost propagation. These
different functions must be coordinated so that free virions, dis-
posed in the cytoplasm at the onset of infection by the vector or via
a plasmodesm, can reach the nuclear pores and infect the nucleus
due to nuclear localization signals that are accessible on the capsid
(38). On the other hand, virions formed de novo might be detained
in VFs to prevent reinfection of the nucleus, presumably because
�-importin interacting with the capsid nuclear localization signal
is excluded from VFs (38). The other two functions of virions,
movement and transmission, depend on capsid-associated P3
protein that interacts directly either with the movement protein
P1 (39) or with P2 (10, 19, 21). Here, aphid feeding activity might
constitute a signal pattern eliciting controlled release of virions
and concomitant TB transformation into mixed networks, en-
abling transmission. Another signal pattern might trigger release
of virions from VFs without simultaneous mixed-network forma-
tion, allowing virions to interact with P1 and leading to cell-to-cell
movement. The nature of the signals and whether they overlap
remains unknown; we propose that the previously hypothesized
redox switch involving the cysteine ring of P3 plays a role as a
signal receptor (40). P3 is indeed a good candidate, because it is
strategically well placed on the virus capsid surface (10), interact-

ing with P1 and P2, and it is found in both VFs and TBs. P6 itself
also might play a larger role than anticipated in these processes,
because it has been shown to interact with P2 and P3 in yeast
two-hybrid assays (41). Further, ectopically expressed P6 forms
inclusions that associate with the endoplasmic reticulum and mi-
crotubules and move along actin filaments (42). Finally, P6 inter-
action with CHUP1, an actin-binding protein needed for chloro-
plast positioning (41), is required for infection. This indicates a
role for intracellular movement of VFs in a yet-undefined step of
the infection cycle (43).

In summary, here we define a new, entirely unanticipated func-
tion for CaMV VFs in virus transmission and suggest that CaMV
VFs also contribute actively to other steps of the infection cycle
(i.e., movement). A future challenge will be to attribute functions
other than replication to viral inclusions from other viruses as
well.
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